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Perineuronal nets (PNNs) are extracellular matrix structures that form around some types of 
neurons at the end of critical periods, limiting neuronal plasticity. In the adult brain, PNNs play a 
crucial role in the regulation of learning and cognitive processes. Neuropeptide Y (NPY) is involved 
in the regulation of many physiological functions, including learning and memory abilities, via 
activation of Y1 receptors (Y1Rs). Here we demonstrated that the conditional depletion of the gene 
encoding the Y1R for NPY in adult forebrain excitatory neurons (Npy1rrfb mutant mice), induces a 
significant slowdown in spatial learning, which is associated with a robust intensification of PNN 
expression and an increase in the number of c-Fos expressing cells in the cornus ammonis 1 
(CA1) of the dorsal hippocampus. Importantly, the enzymatic digestion of PNNs in CA1 normalizes 
c-Fos activity and completely rescues learning abilities of Npy1rrfb mice. These data highlight a 
previously unknown functional link between NPY-Y1R transmission and PNNs, which may play a 
role in the control of dorsal hippocampal excitability and related cognitive functions. 
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Perineuronal nets (PNNs) are lattice-like aggregates of extracellular matrix molecules, including 
chondroitin sulfate proteoglycans (CSPGs), which form around the soma and dendrites of central 
nervous system (CNS) neurons during postnatal development in an activity-dependent manner, 
contributing to the closure of developmental critical periods of heightened plasticity (Fawcett et al., 
2019). 
PNNs surround both excitatory and inhibitory neurons. In the cortex, they are found preferentially 
around fast-spiking parvalbumin (PV)-positive gamma-aminobutyric acid (GABA)ergic neurons, 
which are critically involved in the regulation of synchronous oscillatory output of pyramidal 
neurons (Lensjø et al., 2017). Experimental manipulations that interfere with PNNs, such as 
enzymatic digestion of CSPGs by chondroitinase ABC (ChABC), manipulation of PNN components 
or exposure to enriched environment (EE), restore plastic capabilities typical of critical periods, 
induce axon sprouting and enhance learning capabilities and cognitive flexibility (Carulli et al., 
2010; Foscarin et al., 2011; Geissler et al., 2013; Gogolla et al., 2009; Happel et al., 2014; Hirono 
et al., 2018; Pizzorusso et al., 2002; Carulli et al., 2020). Interestingly, depending on the genotype, 
EE can drive opposite effects on numbers of PV+/PNN+ cells, thereby favoring the establishment of 
an “optimal” range for PV+/PNN+ cell numbers in the hippocampus, which allows memory 
enhancement (Cattaud et al., 2018).  
Nonetheless, PNNs are also shown to contribute to memory formation and consolidation (Banerjee 
et al., 2017; Blacktop et al., 2017; Hylin et al., 2013; Romberg et al., 2013; Slaker et al., 2015; 
Thompson et al., 2018; Xue et al., 2014). 
Neuropeptide Y (NPY) is a widely distributed peptide in the CNS, involved in the regulation of a 
plethora of many different physiological functions such as anxiety, stress response, energy balance 
and cognition (Enman et al., 2015; Gøtzsche and Woldbye, 2016; Loh et al., 2015; Reichmann and 
Holzer, 2016). In the brain, NPY interacts with a family of G protein–coupled receptors that 
includes the Y1 (Y1R), Y5 (Y5R), and Y2 receptors, the last one considered to function mainly as a 










NPY plays both inhibitory and stimulatory effects in learning and memory, depending on the type of 
memory, brain region and receptor subtype. There is compelling evidence that the NPY-Y1R signal 
differently modulates learning and memory processes and synaptic transmission (Gøtzsche and 
Woldbye, 2016). Stimulation of Y1Rs, which produces a potent anxiolytic effect, suppresses fear 
learning in cued and contextual conditioning in several brain areas, including amygdala and 
hippocampus (Gutman et al., 2008; Hörmer et al., 2018; Lach and de Lima, 2013). Other studies 
have investigated a potential role for Y1R in spatial learning and memory. Pharmacological 
experiments have shown that intracerebroventricular administration of NPY or Y1R agonists 
prevents spatial memory deficits in rats with an Alzheimer's disease-like phenotype (Rangani et al., 
2012) and reverts memory deficit induced by N-methyl-D-aspartate (NMDA) receptor channel 
blockers (Eaton et al., 2007). Spatial learning in the Morris water maze (MWM) increases NPY 
mRNA expression levels in the dentate gyrus (DG) (Hadad-Ophir et al., 2014), and exposure to EE 
impairs spatial memory and hippocampal synaptic plasticity in NPY null but not in wild type mice, 
suggesting that the NPY system could be a target for “enviromimetics” and that the NPY deletion 
reverses the beneficial effects of EE into a negative experience (Reichmann et al., 2016). 
Interestingly, Y1R signaling is critical for the control of principal cells intracellular calcium 
homeostasis in the hippocampus (Gøtzsche and Woldbye, 2016; Hamilton et al., 2010).  
In this study, we investigated whether NPY-Y1R signaling may affect learning and memory through 
modulation of PNNs. To this aim we employed conditional knockout mice in which the gene 
encoding the Y1R for NPY (Npy1r) was specifically inactivated in forebrain principal neurons 
starting from juvenile age (Npy1rrfb mice) (Bertocchi et al., 2011). Here we demonstrate that the 
conditional inactivation of Npy1r gene in limbic excitatory neurons impairs spatial learning, 
increases the number of cells expressing c-Fos, an established marker for neural activity (Kovacs, 
2008; Marrone et al., 2008), and enhances the intensity of PNN coating around the soma of CA1 
neurons of the dorsal hippocampus. Moreover, ChABC-mediated disruption of the PNNs in the 
CA1 reestablishes neuronal activity homeostasis in Npy1rrfb mice, thereby restoring learning 
performance. Together, these data suggest a previously unknown cooperative role of NPY-Y1R 










tuned activity and, possibly, the optimal excitation-to-inhibition balance for hippocampal-dependent 
learning. 
 
2. Material and Methods 
2.1 Mice 
The methods for gene targeting at the Npy1r gene loci and generation of Npy1rrfb mice 
(C57BL6/129/SvJ-derived strain) were performed as described in detail previously (Bertocchi et al., 
2011). Briefly, the forebrain specific genetic deletion in mice of the entire Npy1r coding region was 
achieved using compound genetically-modified mice encoding (i) the homozygous floxed 
Npy1tm1.2Ceva gene (MGI: 5307899; named herein Npy1rfl/fl) combined with heterozygous transgenes 
of mouse strains carrying (ii) the forebrain specifically expressed transgene of tTA (Tg(Camk2a-
tTA)1Mmay/J; Jackson lab: Strain 003010; named herein TgCamKIIa-tTA) and (iii) the tTA dependent Cre 
transgene (Tg(tetO-cre)LC1Bjd; MGI:2448952; named herein Tg(tetO-cre)LC1) (for further details see  
Bertocchi et al., 2011). Using this combination of the tTA (TgCamKIIa-tTA) and Cre (Tg(tetO-cre)LC1) 
regulated gene expression system, we achieved the deletion of Npy1r gene specifically in 
excitatory neurons of the limbic system, starting from juvenile stages. In male mice, conditional 
deletion of Npy1r gene was observed in the dentate gyrus, CA1 and CA3 subregions of the 
hippocampus and in the cerebral cortex (Bertocchi et al., 2011; 2020). Littermates comprising 
Npy1rfl/fl/TgCamKIIa-tTA, Npy1rfl/fl/Tg(tetO-cre)LC1, and Npy1rfl/fl genotypes were used as controls (named 
herein Npy1r2lox controls). TgCamKIIa-tTA mice were backcrossed for more than 10 generations to 
C57Bl/6N mice while the other mouse lines were bred in their colony; the coat color of the 
investigated mice was still mixed ‘mainly black’ indicating that the genetic background of the 
investigated population is very heterogeneous, which suggests that the observed phenotype is 
independent from the genetic background (Silva et al., 1997). Genotyping was performed as 
described previously (Bertocchi et al., 2011; Shimshek et al., 2006).  
Five months old male mice were caged in groups of 2–6, in a temperature- (22±1 °C) and humidity- 
(50±10%) controlled housing room on a 12-h light/dark cycle (8:00 AM–8:00 PM) and had ad 










The current study was performed using male mice since female mutants did not show differences 
in learning and memory functions and in cognitive performance (Bertocchi et al., 2020; Oberto et 
al., in preparation). 
All experiments were conducted in accordance with the European Community Council Directive of 
24 November 1986 (86/EEC) and approved by the University of Turin Ethical Committee for animal 
research and by the Italian Ministry of Health (license no. 139/14).  
 
2.2 Behavioral analysis 
Before the behavioral experiments (carried out between P70 and P90), mice were familiarized to 
the experimenter who was blind to the genotype, with repeated weighing and handling. All tests 
were performed between 9 a.m. and 12 p.m. on male littermate mice from different cohorts. On test 
day, mice were transported to a dimly illuminated (2 x 40 W, indirect) testing room, adjacent to the 
animal housing area, and left undisturbed for at least 30 min before testing. At the end of each trial, 
the apparatus was accurately cleaned up with ethanol 2% and water. Data was recorded 
automatically from the digitized image by using video-tracking (Ethovision XT video track system; 
Noldus Information Technology, Wageningen, The Netherlands).  
 
2.2.1 Open field test 
Open field (OF), to test anxiety and locomotor activity, was performed between P70 and P75 from 
8-10 a.m. Mice were placed in a PVC arena (50 x 50 cm) which was divided into a central (25 x 25 
cm) and a peripheral zone. The mouse was placed in the corner of the open field and was allowed 
to explore the arena for 10 min. Distance travelled and time spent in the central area were 
recorded. Locomotor activity was assessed by measuring the total path-length travelled by the 
mouse in the arena. 
 
2.2.2 Morris water maze  
The acquisition phase and the probe trial (day 1-5) were performed as previously described (Longo 










zone) of a circular pool and it was hidden 1 cm beneath the water surface. The water (24 ± 1 C) 
was made opaque with powdered milk. The acquisition phase consisted of four trials per day with a 
20 min inter-trial interval for four consecutive days (day 1-4). Four points equally spaced along the 
circumference of the pool (North, South, East, West) served as the starting position, which was 
randomized across the four trials each day. Mice were given 90 s to find the hidden platform. If a 
mouse did not reach the platform within 90 s, it was gently guided to the platform, where it had to 
remain for 30 s. The escape latencies, percentage of distance travelled and of time spent in each 
quadrant were recorded. On day 5 (probe trial) the platform was removed, and mice were allowed 
to swim freely for 90 s in the maze. The percentage of distance travelled and of time spent in each 
quadrant and the swim speed were calculated.  
 
2.2.3 Barnes maze 
A different set of mice was tested in a 15-trials version of the Barnes maze (Attar et al., 2013). The 
maze consisted of a white cleanable disk-shaped arena (140 cm diameter) with 36 holes of 5 cm 
diameter on the border and with an escape black box positioned immediately below the escape 
hole to be easily accessible by the mice. In the test room, brightly illuminated and kept asymmetric 
by the use of visual cues, a loud white noise (about 70 dB) was played by an external operator 
through PC speakers. In the habituation phase (trial 1) the mouse was placed underneath a wired 
cylinder and gently guided to the escape hole allowing the mouse to spontaneously enter. During 
the same day two more trials were conducted, in which the mice were left free to explore the arena 
and enter the box. During the acquisition phase (day 2-4), four trials a day were run; the maximum 
duration of each trial was set to 2 minutes and the intertrial interval was about 15 minutes. The 
escape latencies, the time spent in each quadrant and the total walked distance were recorded. On 
day 6 (probe trial) the escape box was removed, and mice were allowed to freely explore the maze 
for maximum 2 minutes. The time spent in each quadrant and the total walked distance were 
calculated. 
 










Gas anesthesia was induced in a chamber in which 3% isoflurane was dissolved in a mixture of 
N2O / O2 (30:70). Randomized mice were then fixed on a stereotaxic apparatus and the anesthesia 
maintained through a nose mask with 1.5% isoflurane in the same mixture. ChABC (25 U/ml, 
AMSBIO, Abingdon, UK) was pressure-injected bilaterally (0.5 µl/side) in the CA1 (Bregma -2.2 
mm; lateral 1.5 mm; depth 1.6 mm) by a glass capillary connected to a PV800 Pneumatic 
Picopump (WPI, New Haven, CT). Each injection was delivered in about 5 min, afterwards the 
capillary was left for two minutes in situ to allow solution diffusion. Finally, the mice were sutured 
and received normal post-operative care and allowed to recover and rest for 3 days. On the fourth 
day they were subjected to the MWM. 
 
2.4 Immunohistochemistry 
Mice were transcardially perfused with 4% formaldehyde in phosphate buffer saline (PBS) and the 
removed brain cryoprotected and frozen at -80°C. For c-Fos staining, mice were perfused 90 
minutes after the last Barnes test session, time during which they were maintained undisturbed in 
their own cages. Coronal 25 µm-thick brain sections were obtained with a cryostat (Leica 
Microsystem, Milano, Italy) and series corresponding to the dorsal hippocampus were then blocked 
with 10% normal goat serum for 1 h at room temperature before the incubation with primary 
antibody. Detection of PNNs was performed by using biotinylated Wisteria floribunda agglutinin 
(WFA) (Sigma-Aldrich, Milano, Italy) 1:200 for two hours at room temperature or rabbit anti-
aggrecan antibody (Synaptic System, Goettingen, Germany) 1:1500 overnight at 4°C. For double, 
triple or quadruple staining mouse or rabbit anti-parvalbumin (Swant, Bellinzona, Switzerland) 
1:1500, rabbit anti c-Fos (Cell Signaling) 1:1000 and mouse anti-neuronal nuclear protein (NeuN, 
Merck Millipore, Milano, Italy) 1:500 or 4′,6-diamidino-2-phenylindole (DAPI) (Merk Millipore, 
Milano, Italy) 1:10000 were combined with WFA or anti-aggrecan antibody and incubated overnight 
at 4°C. To reveal biotinylated WFA, Texas Red streptavidin (Jackson Immuno Research, West 
Grove, USA) 1:500 was used for 1 hr at room temperature, whereas for the detection of the other 










anti-rabbit or anti-mouse Alexa Fluor 647 (Life Technologies, Milano, Italy) 1:400 were incubated 
for 1 hr at room temperature. All antibodies were dissolved in 1x PBS/0.2% Triton X-100. 
 
2.5 Image Analysis  
Confocal images were acquired with a Nikon Eclipse-C1 confocal microscope (Nikon Instruments, 
Firenze, Italy) under a 40x objective with 1 N/A at 100 Hz scan speed, format 1024x1024 pixels, 
resolution 0.31 μm/pixel, Zstep size 1μm and a color depth of 8 bits per channel, through the EZ-
C1 software (Nikon Instruments, Firenze, Italy). Laser intensity, gain and offset were maintained 
constant in each analysis and the intensity of the signal never reached saturation levels. 
Quantitative and morphometric evaluations on samples were made by investigators blinded to 
genotype or treatment using the software ImageJ (http://rsbweb.nih.gov/ij/index.html) or 
Neurolucida (Bioscience, Williston, USA, version 10.30.1) which was connected to an E-800 Nikon 
microscope via a color CCD camera to trace dendrites live, under a 20x objective with 0.50 N/A, 
0.36 μm/pixel resolution, to subsequently import data to Neurolucida Explorer (MBF Bioscience, 
Williston, USA) for the Sholl analysis. Exposure time, gain and offset were, also in this case, kept 
constant during the whole study. Adobe Photoshop (Adobe Systems, San Jose, CA) was used to 
assemble the final figures and to adjust image contrast on the entire figure, after all the analyses 
were completed. 
 
2.5.1 PNN fluorescence intensity 
PNN expression was evaluated by quantifying the staining intensity of WFA and aggrecan around 
individual neurons of the dorsal hippocampus. WFA is a lectin that binds glycosaminoglycan chains 
of CSPGs, and is commonly used as a general marker for PNNs (Härtig et al., 1992; Lapray et al., 
2012). Aggrecan is an abundant CSPG in the PNN, which is crucial for PNN formation and 
maintenance (Rowlands et al., 2018). Our analysis was focused on the CA1, CA3 and dentate 
gyrus (DG) hippocampal subregions, whereas the CA2 area was excluded because the border of 










For the analysis of WFA or aggrecan staining intensity, confocal images of sections of the dorsal 
hippocampus (1.50 to 2.50 mm caudal to Bregma) were acquired under a 40x objective. Twelve to 
15 µm stacks were assembled and analyzed with ImageJ. Four sections/mouse were analyzed, 
bilaterally. To measure PNN fluorescence intensity we chose the step (1 um thick) in the stack in 
which the net reached the maximum width that usually corresponds to the brightest signal. The 
area was selected by drawing a ring along the borders of the WFA- or aggrecan-positive net 
around the neuronal soma, and the mean brightness intensity (range 0–255) was measured. The 
background signal taken from two unstained areas in the surrounding region was subtracted from 
the PNN fluorescence intensity. Each PNN positive neuron was then assigned to one of three 
categories of staining intensity, ranging from the lowest to the highest detected value of WFA or 
aggrecan: weak = 0–33%, medium = 34–66%, strong = 67–100% of maximum staining intensity 
(Foscarin et al., 2011).  
 
2.5.2 PNN colocalization 
To measure the percentage of colocalization of WFA with PV, c-Fos and NeuN or DAPI, sections 
were acquired as described above and the analysis was conducted throughout the stack by 
calculating the percentage of neurons with co-labeling of markers. 
 
2.5.3 PNN complexity 
To measure the extension of PNN coating along dendrites, we performed Sholl analysis following 
dendrites tracing using Neurolucida 10.30.1. In brief a series of 10 μm spaced concentric rings 
were centered on the soma and the number of dendritic intersections with the rings was counted 
as a quantitative assessment of complexity. The sum of the length of dendritic segments in 
between two consecutive rings was also calculated. 
 
2.5.4 c-Fos analysis and colocalization 
To measure the percentage of colocalization of c-Fos with PV, NeuN or DAPI, sections were 









sections (8 areas in total) for each mouse (n=4-5) were analyzed, by an observer blinded to 
genotype and treatment, throughout the 12 to 15 µm stacks with ImageJ, and the percentage of c-
Fos positive cells within these areas was calculated and averaged. 
 
2.6 Statistical Analysis 
Acquisition phase and probe trials in the MWM and Barnes maze and Sholl analysis were analysed 
by two or three-way ANOVA for repeated measures followed by Newman Keuls post-hoc test for 
multiple comparisons, when indicated. We used the χ2-test to compare the distribution of 
frequencies with respect to staining intensity categories. Graphs and data are represented as 
mean ± standard error of the mean (SEM) unless otherwise specified and the level of statistical 





3.1 Npy1rrfb mice display deficits in spatial learning 
To elucidate the role of NPY-Y1R signaling in learning and memory, we compared the 
performance of Npy1rrfb conditional mutants and control mice (Npy1r2lox) in the MWM and the 
Barnes maze tests.  
In the MWM, male Npy1rrfb mice show a significantly slower decline of latency to find the hidden 
platform over 4 days of training, compared to their control littermates (two-way ANOVA for 
repeated measures reveals a significant effect of genotype [F(1,22)= 4.66, p=0.042] and of days 
[F(3,66)= 47.2, p<0.001] and a not significant effect of genotype x days interaction [F(3,66)= 0.36, 
p=0.78]; n=12 from 8 litters, Fig. 1A and E). In the Barnes maze, male Npy1rrfb mice show a longer 
latency in finding the target hole and entering the escape cage over 15 learning trials (two-way 
ANOVA for repeated measures reveals a significant effect of genotype [F(1,7)= 6.12, p=0.042] and 
of days [F(3,21)= 19.8, p<0.001] and a not significant effect of genotype x days interaction 










In the probe trial of both tests, mutant mice and their control littermates display a similar preference 
for the target zone, since no significant differences in the percentage of time spent in it were 
observed between genotypes (two-way ANOVA for repeated measures reveals a significant effect 
of quadrants [MWM: F(3,48)= 13.9, p<0.001; Barnes maze: F(3,21)= 39.7, p<0.001] but a not 
significant effect of genotype [MWM: F(1,16)= 70.19, p=0.67; Barnes maze: F(1,7)= 0.81, p=0.40] 
and of genotype x quadrant interaction [MWM: F(3,48)= 0.74, p=0.53; Barnes maze: F(3,21)= 1.74; 
p=0.19], Fig. 1C and D).  
No significant difference in swim ability was observed between Npy1rrfb and Npy1r2lox mice (Suppl. 
Fig. 1A). Npy1rrfb mice also showed no differences in the total distance travelled in the OF 
compared to Npy1r2lox mice, suggesting that the conditional inactivation of Npy1r gene in limbic 
excitatory neurons does not affect locomotor activity as previously reported (Bertocchi et al., 2011, 
Suppl. Fig. 1B).  
 
3.2 PNNs are more intensely stained and more extended along projections in the CA1 of Npy1rrfb 
mice 
To examine whether the deficit in learning observed in Npy1rrfb mice was associated with 
differences in PNN expression in the dorsal hippocampus, we performed a staining with WFA. The 
percentage of PV+ and PV- neurons enwrapped by WFA-positive PNNs in the CA1, CA3 and DG 
hippocampal subregions is comparable between genotypes (Table 1).  
As shown in Fig 2A and C, the number of neurons surrounded by strongly stained WFA+ PNNs is 
significantly higher in the CA1 (in both the stratum pyramidalis, s.p., and the stratum oriens, s.o.) of 
Npy1rrfb mice compared to their control littermates (s.p.: χ2(2)= 35.5, p<0.001; s.o.: χ2(2)= 8.18, p< 
0.05; n=9-11 from 5-6 litters). To test the hypothesis that not only the sugar chains but also the 
core proteins of CSPG are altered, we used an antibody against aggrecan, an abundant CSPG in 
the PNNs. We found that Npy1rrfb mice also bear more neurons enwrapped by intense aggrecan-
stained PNNs in the CA1 in the s.p. when compared to control mice (s.p.: χ2(2)= 16.4, p<0.001; 










No significant difference in WFA or aggrecan staining intensity is detected in the CA3 region and in 
the dentate gyrus between Npy1r2lox and Npy1rrfb mice (Suppl. Fig. 2).  
Since no significant differences in PNN intensity were observed in the CA3 subregion and in the 
dentate gyrus, we then restricted further analyses to the CA1 subregion. First, we analyzed the 
intensity of PNN around CA1 PV+ GABAergic neurons, which represent the vast majority of PNN 
wrapped neurons both in control and mutant mice (Table 1). As shown in Fig. 3A and C, the 
intensity of WFA signal around PV+ neurons in the s.p. and s.o. of the CA1 is significantly stronger 
in Npy1rrfb mice than in their control littermates (s.p.: χ2(2) = 18.2, p<0.001; s.o.: χ2(2) = 9.30, 
p=0.01; n=9-11 from 5-6 litters). Npy1rrfb mice also display a more intense staining for PNNs 
around the PV negative neurons in the s.p. of the CA1 (s.p.: χ2(2) = 14.0, p<0.001; n=9-11 from 5-
6 litters) (Fig. 3B, D). 
To assess whether the observed increased staining intensity is also accompanied by an increased 
extension of PNN coating along dendrites, we analyzed the PNN coating complexity by tracing 
WFA signal on dendrites of neurons whose soma lie in the s.p. of the CA1. Sholl analysis (Fig. 4A) 
shows that the number of intersections are significantly higher in Npy1rrfb mice at 32, 72, 82 and 92 
µm from the soma, compared to Npy1r2lox mice (ring intersections: two-way ANOVA for repeated 
measures reveals a significant effect of genotype [F(1,17)=6.18, p=0.024], distance from soma 
[F(19,323)=274, p<0.001] and genotype x distance from soma interaction [F(19,323)=2.74, 
p<0.001; n=9-10 from 5-6 litters], Fig. 4B, left). Moreover, the length of WFA-covered dendrites, 
included in two consecutive rings, is overall higher for conditional mutants, in particular at 42, 62, 
72, 82, 92, 102 and 112 µm from the soma (length: two-way ANOVA for repeated measures 
reveals a significant effect of genotype [F(1,17)=6.34, p=0.02], distance from soma 
[F(20,340)=300, p<0.001] and genotype x branching order interaction [F(20,340)=2.93, p<0.001]; 
n=9-10 from 5-6 litters, Fig. 4B, right). Since neurons in the hippocampus and its subregions are 
anatomically and functionally strongly polarized, we also ran the Sholl analysis separately for the 
s.o. and the stratum radiatum (s.r.) of the CA1 (Fig. 4C and D). We found that WFA coating is 
significantly more branched and more extended in length in the s.o. of Npy1rrfb mice (ring 










[F(1,17)=12.26, p=0.003], distance from soma [F(19,323)=257, p<0.001] and genotype x distance 
from soma interaction [F(19,323)=5.11, p<0.001]; length: two-way ANOVA for repeated measures 
reveals a significant effect of genotype [F(1,17)=9.01, p=0.008], distance from soma 
[F(19,323)=285, p<0.001] and genotype x distance from soma interaction [F(19,323)=3.96, 
p<0.001]; n=9-10 from 5-6 litters, Fig 4C), while, in the s.r., both genotypes show comparable 
length and intersections of WFA positive coating (Fig 4D). 
 
3.3 Intrahippocampal ChABC injection rescues spatial learning deficits of Npy1rrfb mice. 
To test whether the increased PNN intensity plays a role in the learning deficits of Npy1rrfb mice, 
PNNs of the CA1 have been digested, in both control and mutant mice, by means of bilateral 
injection of ChABC, which is known to digest CSPGs already 24 hours after the treatment (Crespo 
et al., 2007). Three days after injection of ChABC or saline, 2 different cohorts of mice have been 
subjected to MWM or Barnes maze test, respectively (Fig 5A). Histochemical staining with WFA 
revealed that the intensity of PNNs is still significantly reduced in the CA1 eight days after the 
injection (namely at the end of the spatial memory test), in both conditional mutants and their 
control littermates (Fig. 5B). 
Fig 5C illustrates that removal of PNNs in the CA1 does not influence spatial learning of Npy1r2lox 
control mice in the acquisition phase of MWM. Conversely, ChABC treated Npy1rrfb mice display a 
significant lower latency to find the hidden platform over the days of training, compared to saline 
treated Npy1rrfb mice (two-way ANOVA for repeated measures reveals a significant effect of days 
[F(3,219)=190, p<0.001] and genotype [F(1,73)=7.55, p=0.008] and of genotype x treatment 
[F(1,73)=6.37, p=0.014] and genotype x treatment x days [F(3,219)=3.66, p=0.013] interactions, 
but not significant effect of genotype x days interaction [F(3,219)=0,55, p=0,65]; n=13-23 from 19 
litters, Fig 5C). These results were replicated in the Barnes maze test with a different cohort of 
mice. Consistently, the removal of PNNs by ChABC treatment restores the learning abilities of 
Npy1rrfb mice (Fig. 5D). Interestingly, ChABC treatment transiently reduces the escape latency of 
Npy1r2lox mice on the second day of training (two-way ANOVA for repeated measures reveals a 










[F(3,42)=44.89, p<0.001] and of genotype x days [F(3,42)=3.50, p=0.023] and genotype x 
treatment x days [F(3,42)=3.52, p=0.023] interactions; n=4-5 from 5 litters, Fig. 5D). No significant 
differences in memory performance are observed among groups in the probe day trial on day five 
in both tests (MWM: three-way ANOVA for repeated measure reveals a significant effect of 
quadrants [F(3,219)= 55.4, p<0.001] and of genotype x quadrant interaction [F(3,219)= 2.99, 
p=0.032]; Barnes maze: three-way ANOVA for repeated measure reveals a significant effect of 
quadrants [F(3,42)= 10.9, p<0.001] but no significant effect of genotype [F(3,42)= 10.9, p<0.001] 
and genotype x quadrant interaction, Fig. 5 E-F). 
 
3.4 Npy1rrfb mice display increased neuronal activity in the CA1  
To give a possible mechanistic explanation to our findings, we analyzed c-Fos expression in the 
CA1 of ChABC- and saline-treated mice having performed the Barnes maze test. Saline-injected 
Npy1rrfb mice showed a significant increase in the number of c-Fos expressing cells in the stratum 
pyramidalis of CA1 (Fig 6 and Table 2). Intriguingly, this overactivation is reverted by ChABC 
treatment (two-way ANOVA reveals a significant effect of genotype x treatment interaction 
[F(1,13)=10, p=0.007]; n=4-5 from 5 litters, Fig 6B). As shown in Fig 6, the inactivation of Npy1r 
gene increases c-Fos expression in PV-negative cells, which represent the majority ( ̴ 90%) of the 
total number of c-Fos positive cells (percentage of c-Fos+/DAPI: two-way ANOVA reveals a 
significant effect of genotype x treatment interaction [F(1,13)=10, p=0.007]; percentage of PV+c-




Emerging evidence shows that PNNs are critically involved in learning and memory processes and 
are affected in several neurodevelopmental disorders characterized by cognitive impairment 
(Pantazopoulos and Berretta, 2016). Accordingly, their number, integrity and appearance vary 
among brain regions as a function of normal physiology and network architecture and also in 










Here we investigated learning and memory functions in Npy1rrfb conditional mice that carry the 
inactivation of Npy1r gene selectively in excitatory forebrain neurons of the limbic system, 
particularly in the hippocampal formation, of adolescent mice (Bertocchi et al., 2011; Bertocchi et 
al., 2020). Npy1rrfb male mice show a significant slowdown of the spatial learning curve in the MWM 
and Barnes maze tests, indicating that the NPY-Y1R signal in the dorsal hippocampus plays a 
crucial role in learning ability.  
In parallel, Npy1rrfb male mice show an increase of c-Fos expression in putative pyramidal neurons 
of the CA1 subfield of the dorsal hippocampus and a robust intensification of PNNs in the same 
hippocampal region, around both PV+ and PV- neurons. The increase in c-Fos staining observed in 
the CA1 of Npy1rrfb mice is independent of their activity state since conditional mutant mice didn’t 
show any difference in locomotor activity in the MWM and in the OF arena. Most importantly, after 
injecting the ChABC enzyme specifically into the CA1 of mutant mice, we obtained a complete 
rescue of learning abilities of Npy1rrfb male mice and c-Fos expression normalization. Our data are 
in line with previous studies showing that PNN digestion in the hippocampus enhances inhibition. 
Namely, an increase in the frequency of spontaneous inhibitory postsynaptic currents is observed 
in CA1 pyramidal neurons, which is accompanied by LTP deficits and impaired fear memory 
consolidation (Shi et al. 2019). Furthermore, injection of ChABC in the hippocampus of rats with 
chronic depressive-like state, which are characterized by increased number of PNNs surrounding 
PV-expressing interneurons, decreased frequency of inhibitory postsynaptic currents in CA1 
pyramidal neurons and impaired short-term object location memory, restores the number of PNNs, 
hippocampal inhibitory tone and memory performance (Riga et al., 2017). 
Modulation of the inhibitory status appears to be essential in different processes of neuronal 
plasticity related to learning and memory (Froemke and Schreiner, 2015; Letzkus et al., 2015). The 
dorsal part of the hippocampus is organized in a tri-synaptic pathway (Amaral and Witter, 1989) 
and depends on glutamate release, while GABA and several neuromodulators, which are co-
released from inhibitory interneurons, provide fine-tuning (Hörmer et al., 2018). Neuromodulators 
can affect the impact of sensory experience on critical periods as well as on adult plasticity by 










activity (Seol et al., 2007). NPY is expressed in GABAergic neurons, including the PV positive 
subclass, and acts as a homeostatic regulator of cortical and hippocampal excitatory 
neurotransmission (Oberto et al., 2001; Hei et al., 2018; Karagiannis et al., 2009). Y1Rs, mainly 
located post-synaptically, exert potent anti-excitatory actions by decreasing glutamate release in 
several brain regions, including the hippocampus (Stanić et al., 2011; Vollmer et al., 2016). Thus, 
the decrease of the inhibitory NPYergic tone in principal neurons of the CA1 of Npy1rrfb mice, 
where the reduction of the receptor expression is particularly significant (Bertocchi et al., 2011), 
might increase excitability of pyramidal neurons and, in turn, of c-Fos neuronal activity, leading to 
an unbalanced excitation-to-inhibition ratio toward hyperexcitability. This hypothesis is in line with 
recent studies showing that repetitive transcranial magnetic stimulation (iTBS) promotes learning 
(Dayan et al., 2013; Ridding and Ziemann, 2010) potentially via transient changes in the excitation-
inhibition balance (Lenz et al., 2016; Ziemann and Siebner, 2008). The changes in cortical 
excitability following iTBS seem to be in part related to the dampening of glutamate release via 
increased NPY signaling. This results in the decrease of the ratio of high-(mature) to low-
(immature) expressing PV+ fast spiking neurons and of their excitatory inputs (Jazmati et al., 2018). 
The maturation of PV+ cells is accompanied by the condensation of PNNs around their soma and 
dendrites (Sigal et al., 2019) suggesting that NPY signaling might act as a negative modulator of 
PV+ neurons and PNN maturation.  
We suggest that the increased excitatory drive onto CA1 cells of the dorsal hippocampus of 
Npy1rrfb male mice might account for the augmented amount of PNNs that, in turn, could explain 
the learning deficits. Interestingly, Sholl analysis demonstrates an increased thickness of PNN 
around the CA1 pyramidal cell bodies and their proximal dendrites in the stratum oriens, both of 
which under the influence of the GABAergic interneuron inhibitory tone. The long-lasting actions of 
NPY, whose release requires intense stimulation, might modulate and alter the threshold for 
plasticity more effectively than GABA (Reibel et al., 2000).  
In recent years, several studies have documented that PNNs limit learning abilities and consolidate 
or maintain memories over time (Romberg et al., 2013; Happel et al., 2014; Banerjee et al., 2017, 










The CA1 is a brain region where pyramidal place cells dynamically fire to encode space according 
to environmental cues (O'Keefe and Dostrovsky, 1971). PNNs intensification in the CA1 of Npy1rrfb 
mutant mice may be due to a reduction of the dynamism in excitation of place cells, which is 
important to build an appropriate cognitive map during learning, and in turn, render navigation 
efficient. Accordingly, EE, which decreases PNNs expression in several brain regions (Carstens et 
al., 2016; Foscarin et al., 2011; Sale et al., 2007), enhances spatial learning via a mechanism that 
was postulated to affect place cells, which become more flexible to remap following environmental 
changes (Ohline et al., 2018). 
Interestingly, we have shown that ChABC treatment decreases the escape latency of Npy1r2lox 
control mice in the Barnes maze test but not in the MWM. By forcing mice to swim, the MWM has a 
more stressful component compared to the Barnes maze that can affect learning and memory 
performance (Harrison et al., 2009). Since mice and rats are more physiologically adapted to dry 
land tasks, the Barnes maze may better elucidate certain learning/navigation behaviors (Whishaw 
and Tomie, 1996). Accordingly, the learning impairment of Npy1rrfb mice, which display anxious-like 
behaviour compared to their control littermates (Bertocchi et al., 2011), is more pronounced in the 
Barnes than in the MWM test. On the other hand, the observation that ChABC treatment 
ameliorates learning performance in control mice on the second day of training in the Barnes test 
suggests that other pathways different from the NPY-Y1R transmission may be involved in the 
PNN modulation of learning abilities. However, our data indicate that the magnitude of the effect of 
ChABC on Npy1rrfb conditional mutant mice is significantly higher than that observed in control 
mice, as indicated by statistical analysis (ANOVA: genotype x treatment x days [F(3,42)=3.52, 
p=0.023). There is a constant decrease of escape latency in Npy1rrfb mice, observed in particular 
on the 3rd and 4th day of training (Fig. 5). This indicates a different effect of ChABC treatment on 
control and Npy1rrfb mice that, together with the observation that in the MWM ChABC increases 
learning ability in conditional knockout but not control mice, support the hypothesis that NPY-Y1R 
transmission facilitates learning by modulating CA1 PNNs and suggest the existence of a close link 










In the present study, we did not find differences between mouse groups in the probe trial of MWM 
and Barnes tests, and PNN removal does not affect memory performance in both groups, 
suggesting that PNNs are not involved in spatial reference memory. In addition, as discussed 
above, we observed that PNN digestion has a lower impact on spatial learning performance of 
control mice when compared to Npy1rrfb mice. Because PNNs are strongly implicated in the long 
term retention process of several types of memories (Gogolla et al. 2009; Thompson et al. 2018; 
Carulli et al. 2020), we cannot exclude that hippocampal PNNs may be involved in the storage 
and/or retrieval of remote memories. 
Finally, we demonstrated that ChABC treatment fails to affect c-Fos expression in Npy1r2lox mice, 
suggesting that the increase of structural and synaptic plasticity, induced by PNN digestion, 
restores the phenotype only where the equilibrium is altered, hence in Npy1rrfb mice and not in 
controls. In general, compared to other brain regions such as sensory cortices, the dorsal 
hippocampus has lower expression of PNNs, which may reflect its need of high level of plasticity 
even in adulthood (Yamada and Jinno, 2013). In accordance, the variable inter- and intra-regional 
expression patterns of PNNs in the brain may reflect different levels of plasticity and wiring of 
neuronal networks (Lensjø et al., 2017; Bozzelli et al., 2018). Indeed, it has been previously 
suggested that PNNs expression in the hippocampus, and in particular the CA1 subfield, is kept 
under a certain threshold to allow retaining the plasticity necessary to learn new information (Hylin 
et al., 2013). 
In conclusion, here we provide novel evidence that the NPY-Y1R transmission facilitates learning 
possibly by modulating CA1 PNNs and c-Fos expression and, thereby, hippocampal plasticity and 
activity. Further studies will be needed to identify the precise molecular mechanisms underlying 
these processes, which may lead to the development of new therapeutic strategies for the 
treatment of a number of neuropathologies associated with altered excitation/inhibition balance and 
PNN expression. 
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Figure 1. Npy1rrfb mice display decreased spatial learning in the Morris water maze and in the Barnes maze. 
(A) MWM acquisition phase. Npy1rrfb mice show increased latency to reach the platform over 4 days of 
training compared to Npy1r2lox mice. (B) Barnes maze acquisition phase. Npy1rrfb mice spend more time to 
reach the target hole over 4 days of training compared to Npy1r2lox mice. (C and D) Probe trials. After 
training, the platform (MWM) and the escape box (Barnes maze) were removed from the south west 
quadrant (Target) where they were originally placed. The y axis indicates the percentage of time spent in 
each quadrant. Data are the mean ± SEM. (E) Swimming paths during the MWM acquisition phase show 
the learning delay of Npy1rrfb mice. 
MWM, Morris water maze; SW, south west; SE, south east; NE, north east; NW, north west. 
 
Figure 2. Npy1rrfb mice display increased perineuronal nets intensity in the CA1 region of the hippocampus. 
WFA+ (A) and aggrecan+ (B) PNNs in the in the stratum pyramidalis (s.p.) and the stratum oriens (s.o.) of 
the CA1 of Npy1r2lox and Npy1rrfb mice. Scale bar: 100 μm. C and D show the frequency distribution of weak, 
medium or strongly stained WFA+ and aggrecan+ PNNs, respectively. ***p<0.001; *p< 0.05. WFA, Wisteria 
floribunda agglutinin; NeuN, neuronal nuclear antigene. 
 
Figure 3. Perineuronal nets intensity is increased around both parvalbumin positive and negative neurons in 
the CA1 of Npy1rrfb mice.  
WFA+ PNNs around PV+ (A, white arrow) and PV- (B, yellow arrow head) neurons in the CA1 of Npy1r2lox 
and Npy1rrfb mice. Scale bar: 100 μm. C and D show the frequency distribution of weak, medium or strongly 
stained WFA+ PNNs around PV+ and PV- cells, respectively, in the stratum pyramidalis (s.p.) and the 
stratum oriens (s.o.). ***p<0.001; **p=0.01. PV, parvalbumin. 
 
Figure 4. Npy1rrfb mice show increased perineuronal net coating complexity in the CA1. 
(A) Representative picture of Sholl analysis of WFA+ PNNs coating around dendrites of NeuN labelled 
neurons in the stratum pyramidalis (s.p) of the CA1 of Npy1r2lox and Npy1rrfb mice. Scale bar: 100 μm. (B) 
Analysis of the number of 10 μm spaced concentric ring intersections (left panel) and of the sum of the 










number of ring intersections (left panel) and of length of inter-rings segments in the stratum oriens (s.o.) of 
the CA1. *p<0.05 by Newman Keuls. (D) The analysis of the number of ring intersections (left panel) and of 
the sum of the length of inter-rings segments (right panel) in the stratum radiatum (s.r.) reveals no significant 
differences between Npy1rrfb mice and their control littermates. 
 
Figure 5. Perineuronal nets digestion rescues learning ability of Npy1rrfb mice. 
(A) Timeline of the experiment. Saline or ChABC were delivered in the dorsal hippocampus in order to digest 
PNNs located in the CA1. Animals were allowed to recover for three days and then subjected to the MWM or 
Barnes maze tests for spatial memory. (B) WFA staining of brain coronal sections from saline or ChABC-
treated Npy1rrfb mice. Magnification of boxed area shows that ChABC injection removes PNNs in the CA1. 
Scale bar, 2mm. (C) Acquisition phase in the MWM. ***p<0.001 versus saline treated Npy1r2lox mice and 
ChABC treated Npy1rrfb mice; **p<0.01 vs ChABC treated Npy1r2lox mice by Newman Keuls. (D) Acquisition 
phase in the Barnes test. ***p<0.001 versus saline and ChABC treated Npy1r2lox mice; **p<0.01 and 
+p=0.087 vs ChABC treated Npy1rrfb mice on the 4th and 3rd day of training, respectively; **p<0.01 versus 
saline treated Npy1r2lox mice on the 3rd day of training and **p<0.01 versus saline treated Npy1r2lox mice on 
the 2nd day of training by Newman Keuls. (E and F) Probe trials. After training, the platform (MWM) and the 
escape box (Barnes maze) were removed from the south west quadrant (Target) where they were originally 
placed. The y axis indicates the percentage of time spent in each quadrant. Data are the mean ± SEM. 
ChABC, chondroitinase ABC; SW, south west; SE, south east; NE, north east; NW, north west. 
 
Figure 6. PNNs digestion rescues overexcitation in the stratum pyramidalis of the CA1 of Npy1rrfb mice.  
(A) Double immunofluorescence staining with anti c-Fos (white), anti parvalbumin (PV, green) and merged 
signals in slices of CA1 stratum pyramidalis from control and Npy1rrfb mutant mice treated with saline. Scale 
bar: 100 μm. (B) Quantification of c-Fos+ cells in the stratum pyramidalis of CA1 in both saline and ChABC-
injected Npy1r2lox and Npy1rrfb mice. *p<0.05 versus saline treated Npy1r2lox mice and **p<0.01 versus 








Table 1. Colocalization of WFA, PV and NeuN in hippocampal slices of Npy1r2lox and Npy1rrfb mice. No 
significant differences between genotypes were found for any of the markers analyzed. s.p.: stratum 
pyramidalis; s.o. stratum oriens; s.gr: stratum granulare; WFA: Wisteria floribunda agglutinin; 
PV:parvalbumin; NeuN: neuronal nuclear antigen.  
 CA1 s.p. CA1 s.o. CA3 s.p. DG s.gr 




82.3±5.12 70.5±7.40 85.3±5.44 85.0±5.04 86.9±5.65 9 1.4±3.56 86.0±3.26 88.9±4.38 
Percentage of 
WFA+/PV- 
17.7±5.13 29.3±7.48 14.7±5.44 15.6±4.81 13.1±5.65 8 .58±3.56 14.0±3.2 11.1±4.38 
Percentage of 
PV+/WFA+ 
60.9±5.45 60.7±5.01 73.4±6.81 70.3±6.79 51.8±4.07 5 4.9±4.27 78.3±3.52 75.1±3.49 
Percentage of 
NeuN+/WFA+ 
1.9±0.21 2.3±0.36 19.5±3.84 21.1±6.20 2.8±0.35 3.3± 0.32 0.35±0.05 0.50±0.06 
Percentage of 
NeuN+/PV+ 











Table 2. Colocalization of c-Fos, PV and DAPI in hippocampal slices of Npy1r2lox and Npy1rrfb mice. 
Percentage of colocalization of c-Fos and DAPI and percentage of c-Fos+/PV+ cells on the total number of c-
Fos+ cells in the stratum pyramidalis (s.p.) of CA1 of Npy1r2lox and Npy1rrfb mice. ap<0.05 versus saline 
treated Npy1r2lox mice and bp<0.01 versus ChABC-injected Npy1rrfb mice. Data are the mean ± SEM; n=4-5 
from 5 litters. PV: parvalbumin; DAPI: 4′,6-diamidino-2-phenylindole, nuclear stain.  
 CA1 s.p. 
 Npy1r2lox saline Npy1rrfb saline Npy1r2lox ChABC Npy1rrfb ChABC 
Percentage of 
c-Fos+/DAPI 
4.86±5.12 8.25±1.22a,b 5.76±0.55 3.52±1.03 
Percentage of 
PV+c-Fos+/c-Fos+  























































● Y1R knockout impairs learning, increases PNN intensity and c-Fos activity in the CA1  
● PNN enzymatic digestion rescues learning abilities and normalizes c-Fos activity 
● NPY facilitates learning possibly by modulating PNN expression and CA1 excitability 
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